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Abstract 
Dementia is a growing challenge to our society. Research suggests a number of 
modifiable factors are associated with the risk of developing this condition. One such 
modifiable factor is physical activity. Physical activity has been associated with both 
brain structure and cognition. Further evidence suggests an association between brain 
structure and cognition. While the majority of neuroimaging studies have used 
volumetric MRI measures to examine brain structure, an emerging alternative is to 
examine cortical sulcal characteristics. This study sought to determine how sulcal 
characteristics relate to physical activity and cognition. A final sample of 320 
participants aged between 64 and 70 years were selected from an observational study of 
lifestyle factors including MRI and cognitive data. The results presented here indicate 
that physical activity predicts differences in sulcal structure. Width of the left superior 
frontal sulcus, negatively correlated with physical activity, was associated with 
improved processing speed and executive function. These findings are consistent with 
the literature showing that physical activity is beneficial in preventing against cognitive 
decline and provides important information about the usefulness of sulcal characteristics 
in the investigation of cerebral and cognitive health. 
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Using a Novel Measure of Brain Structure to Investigate the Protective Effects of 
Physical Activity against Cognitive Decline 
Dementia is a devastating condition that currently afflicts 298,000 Australians 
(Australian Institute of Health and Welfare, 2012). This figure is expected to grow to as 
many as 981,000 by the year 2050 (Access Economics, 2010). This condition already 
costs the health and aged care system in excess of $4.9 billion (Australian Institute of 
Health and Welfare, 2012), is the third leading cause of death (Australian Bureau of 
Statistics, 2012), and the fifth leading cause of disease burden in Australia (Australian 
Institute of Health and Welfare, 2010). It is of vital importance to identify ways in which 
dementia may be prevented or its onset delayed. 
Research indicates a number of lifestyle factors are associated with the risk of 
dementia such as physical activity, smoking, body mass, social engagement, and 
education. Modifying these lifestyle factors to reduce the risk of dementia may provide a 
means to delay or prevent the onset of dementia. By modifying these factors at a 
population level it may be possible to reduce the prevalence of dementia, attenuating the 
severity of its effects. 
Research has identified that physical activity is associated with reduced risk of 
dementia (Ahlskog, Geda, Graff-Radford, & Petersen, 2011). Physical activity may 
protect against dementia through associations with other factors, or through unique 
effects contributing to brain health. Because brain structure is associated with cognition 
(Farias et al., 2011), it is possible that the protective effects of physical activity against 
dementia may be best understood by examining associations between physical activity, 
brain structure, and cognition. 
Identifying new and sensitive measures to increase understanding of how 
lifestyle factors contribute to the risk of dementia is of critical importance. Brain 
volumes, examined using magnetic resonance imaging (MRI), have been popular 
measures in neuroimaging research. As explained later, these measures have decreased 
sensitivity in older adults. An emerging alternative, not affected by the same 
methodological limitations, is the use of sulcal characteristics as measures of brain 
health (Kochunov et al., 2005). 
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The aim of the present study is to demonstrate that a novel measure of brain 
structure can be used to further understanding of the association between physical 
activity, brain structure, and cognition. 
Following sections will outline the relationship between dementia and cognitive 
decline, ways in which the risk of dementia may be reduced, effects of physical activity 
on brain health, the association between brain health and cognition, and introduce 
measurement of cortical sulci as an alternative to volumetric MRI measures. 
Dementia and Cognitive Decline 
Dementia is a condition defined by the presence of cognitive or behavioural 
neuropsychiatric symptoms characterising a decline from previous levels of functioning 
which interferes with everyday activities (McKhann et al., 2011). These cognitive and 
behavioural symptoms include impaired ability to acquire and recall new information, 
impaired visuospatial skills, judgement, and reasoning abilities, problems with language 
function, changes in personality or behaviour, and impaired performance on complex 
tasks (McKhann et al., 2011). Dementia has grave effects on the personal lives of people 
with this condition and their carers, families, and friends. It erodes quality of life for 
those with the disease while often forcing family and friends into caring roles and 
placing strain on family finances (Ahlskog et al., 2011). 
Dementia and cognitive decline are closely intertwined. Cognitive decline ranges 
from healthy cognition to mild cognitive impairment and finally dementia (Plassman, 
Williams, Burke, Holsinger, & Benjamin, 2010). Mild cognitive impairment, a category 
of cognitive decline falling between normal, healthy cognition, and dementia (Sachdev 
et al., 2012), is strongly associated with an increased risk of dementia. Research 
indicates that in any given year, 6-15% of all people with mild cognitive impairment will 
progress to dementia (Samtani et al., in press). This indicates mild levels of cognitive 
decline are a typical precedent to dementia and cannot be ignored. 
There are numerous causes of dementia (e.g., vascular dementia, frontotemporal 
dementia, dementia with Lewy bodies, and alcohol-related dementia; Harvey, Skelton-
Robinson, & Rossor, 2003), of which Alzheimer's disease is the underlying cause in an 
estimated 50-70% of cases (Gotz & Ittner, 2008). Alzheimer's disease is a degenerative 
brain disease typified by two pathological features associated with cell death and 
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consequent brain atrophy. These two pathological features are amyloid plaques, which 
accumulate in the space between cells within the brain (see Sheng, Sabatini, & Sudhof, 
2012 for a review), and neurofibrillary tangles that accumulate within brain cells (see 
Navarrete, Perez, Morales, & Maccioni, 2011 for a review). While both amyloid plaques 
and neurofibrillary tangles have been linked to cell death independently, research has 
indicated that an interaction between these two factors may further drive the toxic effects 
of the disease (Blurton-Jones & Laferla, 2006). Alzheimer’s disease is most strongly 
associated with older adults. However, the pathological processes associated with 
Alzheimer's disease begin as long as 50 years before the onset of symptoms (Braak, 
Thal, Ghebremedhin, & Del Tredici, 2011). This lengthy presymptomatic development 
provides a long-lasting target for interventions that may prevent disease onset. At 
present, treatments for dementia provide only symptomatic relief and do not stop the 
progression of the disease (Small & Bullock, 2011). 
With the considerable challenge posed by dementia expected to worsen as the 
population ages, it is increasingly important to identify population-based interventions to 
reduce the impact of dementia in the future. One area that shows promise for reducing 
the impact of dementia is altering lifestyle factors associated with the risk of cognitive 
decline. If interventions can successfully target these factors, the lengthy development of 
dementia pathology may provide a large time frame in which they can be effective. 
Risk and Protective Factors for Cognitive Decline 
Research has made important progress in identifying the pathological processes 
that contribute to dementia. However, knowledge of the ways in which many factors 
contribute to cognitive decline remains limited (Mahncke et al., 2006). There is 
particular uncertainty underlying what causes deviation from the normal ageing process, 
resulting in accelerated cognitive decline and dementia (Savica & Petersen, 2011). This 
increases the importance of research examining cognitive decline and dementia in the 
context of individuals' lifestyle factors. Such research presents information that may be 
used to lessen the impact of cognitive decline at a community level and aid in 
identifying specific processes for therapeutic intervention (Aisen, 2002).  
Research on lifestyle factors is often conducted in large population-based studies 
that allow high statistical power and increased generalisability by reducing sampling 
bias (Anstey et al., 2011b). These studies also provide an appropriate design to 
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investigate questions that cannot be examined in experimental designs, by enabling an 
independent variable to be observed in a population within which it naturally varies. For 
example, if a study wished to examine if smoking for twenty years increased the risk of 
dementia it would be difficult and unethical to randomly assign participants to smoking 
or non-smoking conditions. Population studies with large samples of smokers and non-
smokers present the best available design to detect such effects. 
In recent years a number of studies have identified factors associated with the risk 
of cognitive decline and dementia. Factors associated with an increased risk of dementia 
are referred to as risk factors. Age is the strongest risk factor for dementia. Even in the 
absence of identifiable pathology or clinical impairment, it is expected that cognition 
will decline with age (Mendelsohn & Larrick, 2011). In addition to age, a number of 
other risk factors for dementia and cognitive decline have been identified including 
smoking (Rusanen, Kivipelto, Quesenberry, Zhou, & Whitmer, 2011), cardiovascular 
disease (Obisesan et al., 2012), diabetes (Cheng, Huang, Deng, & Wang, 2012), body 
mass index in mid-life (Anstey, Cherbuin, Budge, & Young, 2011a), socio-economic 
status (Wilson et al., 2005), depression, and anxiety (Rosenberg et al., in press). 
In contrast, a number of protective factors, which are associated with a reduced 
risk of dementia, have also been identified. These include physical activity (Angevaren, 
Aufdemkampe, Verhaar, Aleman, & Vanhees, 2008), social engagement (James, 
Wilson, Barnes, & Bennett, 2011), an active cognitive lifestyle (Marioni, van den Hout, 
Valenzuela, Brayne, & Matthews, 2012), and education (Brayne et al., 2010). Protective 
factors may not necessarily prevent an individual from developing dementia, but rather 
reduce their risk of the disease. 
Some lifestyle factors are beyond the control of individuals, such as age, but other 
factors are modifiable. For example, physical activity is considered a modifiable 
protective factor for cognitive decline because most people are capable of adjusting the 
amount of physical activity they undertake, which can affect their risk of cognitive 
decline (Angevaren et al., 2008). Modifiable lifestyle factors are an especially important 
area of research because these factors can be modified and at a population level they 
present an opportunity to delay the average age of onset for dementia and reduce its 
prevalence in the community. Statistical models predict that delaying the average age of 
onset for dementia by just two years would reduce dementia prevalence by 
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approximately 16% within 30 years (Vickland et al., 2010), and if onset could be 
delayed by five years, this would reduce prevalence by approximately 37% (Vickland et 
al., 2010). However, research into risk and protective factors for dementia remains an 
emerging research area and many factors lack substantial evidence for their association 
with cognitive decline (Plassman et al., 2010). 
Modifiable protective factors, such as physical activity, remain an area in which 
continued research attention is vitally important. Understanding the mechanisms through 
which these factors may reduce the likelihood of dementia increases understanding of 
how to best prevent the disease and may guide research into therapeutic interventions 
and potential cures. 
Physical Activity as a Modifiable Protective factor against Cognitive Decline 
Understanding how protective factors protect against cognitive decline has 
important implications for treating dementia and reducing its prevalence. Physical 
activity is one of the more broadly researched protective factors for cognitive decline. 
The benefits of physical activity for cognition are evident in a number of research 
findings. Higher levels of physical activity are associated with improved executive 
function (Anderson-Hanley et al., 2012), reasoning, fluid intelligence (Churchill et al., 
2002), attention, processing speed, and memory (Smith et al., 2010). Physical activity 
has been found to significantly predict risk of cognitive impairment over a two year 
period (Etgen et al., 2010). After classifying the physical activity of participants as either 
“none”, “moderate”, or “high”, Etgen and colleagues (2010) found that moderate 
exercisers were 43% less likely to develop cognitive impairment than those in the no 
exercise category, and participants in the high exercise category were 46% less likely to 
develop cognitive impairment than non-exercisers. This suggests that greater levels of 
physical activity are associated with both healthier cognition and reduced cognitive 
decline. 
Research further indicates that interventions promoting higher levels of physical 
activity are associated with improved cognition and decreased cognitive decline. Meta-
analytical literature suggests that physical activity interventions in previously sedentary 
populations can improve the cognitive performance of participants (Colcombe & 
Kramer, 2003). In randomised controlled trials, physical activity has been found to 
reduce the extent of age-related cognitive decline. In a recent study all participants 
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experienced cognitive decline, but participants taking part in an exercise intervention 
experienced less cognitive decline than participants in the control condition and were 
2.74 times more likely to experience no decline in cognition over twelve months 
(Muscari et al., 2010). 
Literature indicates that physical activity has an effective role as a protective 
factor against cognitive decline. Although these associations are found in both 
observational and experimental settings, they alone do not explain how physical activity 
has this effect. 
Effects of Physical Activity that may Contribute to Prevention of Cognitive Decline 
While it is not completely understood how physical activity protects against 
cognitive decline (Anderson-Hanley et al., 2012), some of the benefits of physical 
activity may be delivered through interactions with other risk and protective factors 
including cardiovascular health, diabetes, and mental health. As a benefit to 
cardiovascular health, physical activity has positive effects on weight control, 
cholesterol balance, and maintenance of healthy blood pressure (Agarwal, 2012). For 
diabetes, physical activity is associated with factors including improved glycaemic 
control and insulin sensitivity (O'Gorman & Krook, 2008). Physical activity also has 
benefits for multiple facets of mental health (Ahlskog et al., 2011; Strohle, 2009) 
including effects on neurotransmitter networks leading to decreased risk of depression 
(Sarbadhikari & Saha, 2006). Because cardiovascular health, diabetes, and mental health 
are all individually associated with the risk of dementia, these may be mechanisms 
through which physical activity indirectly reduces the risk of cognitive decline. 
In addition to the effects of physical activity on other risk and protective factors, 
physical activity has independent contributions that may reduce the risk of cognitive 
decline. Specifically, a number of effects associated with physical activity are believed 
to improve brain health. Research indicates that physical activity is associated with 
benefits including propagation of new neurons, increases in brain-derived neurotrophic 
factor (Anderson-Hanley et al., 2012), chemical expression in the brain associated with 
reduced likelihood of Alzheimer's disease (Liang et al., 2010), increased cerebral blood 
flow, higher levels of neurotransmitters, and fewer cerebrovascular events (Muscari et 
al., 2010). Animal studies have shown that increased levels of exercise can induce 
increased neurogenesis and cell connectivity which in turn predict improved cognitive 
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performance (van Praag, Christie, Sejnowski, & Gage, 1999). While it is unclear which 
factors play the most important roles in preventing cognitive decline, numerous effects 
of physical activity may benefit brain health.  
Physical Activity and Brain Structure 
Research shows that benefits of physical activity are directly associated with 
healthier brain structure across the whole brain and in localised areas. Physical activity is 
associated with increased grey and white matter volumes in a number of areas including 
the parietal lobes (Taubert, Lohmann, Margulies, Villringer, & Ragert, 2011), prefrontal 
lobes, and temporal lobes (Colcombe et al., 2006). One brain structure often examined in 
the context of physical activity is the hippocampus, which is located in the temporal 
lobes and associated with the formation of new memories. A number of studies have 
found greater levels of physical activity correlate with higher hippocampal volumes (see 
Erickson, Miller, Weinstein, Akl, & Banducci, 2012 for a review). One recent 
randomised controlled trial in 120 older adults found that a one year aerobic exercise 
intervention was associated with a 2% increase in the volume of the hippocampus. This 
was in stark contrast to the control condition in which the volume of participants’ 
hippocampi decreased by around 1.4% (Erickson et al., 2011). Additional research has 
shown simple interventions such as regular walking could be able to induce similar 
benefits. One study found that the distance participants walked in a week was positively 
correlated with volumes of grey matter in the prefrontal and temporal lobes, including 
the hippocampus, nine years later (Erickson et al., 2010).  
The benefits of physical activity for brain structure extend beyond regional brain 
volumes. Functional connectivity refers to the extent to which two spatially distant areas 
of the brain can efficiently communicate with one another. In a recent randomised trial 
of two exercise interventions in 65 older adults, Voss and colleagues (2010) found that 
twelve month physical activity interventions can improve the brain’s functional 
connectivity. After twelve months participants in both exercise interventions showed 
increased functional connectivity; there was less delay between two distantly connected 
areas in the frontal, temporal, and parietal lobes of the brain activating in response to one 
another. Important to age-related cognitive decline, the ways in which the brain 
connected spatially remote areas to one another changed to more closely resemble the 
structure found in younger adults (Voss et al., 2010). This suggests that physical activity 
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is effective at protecting against and potentially even reversing age-related declines in 
brain structure. 
These findings extend our knowledge of why physical activity serves a role as a 
protective factor against cognitive decline and dementia. Physical activity appears to not 
only affect other risk and protective factors for dementia but to also have direct effects 
associated with improved structural brain health. Structural brain health is particularly 
important considering studies show that just as cognition declines with age, brain 
volumes also decrease with age. 
Brain Structure and Cognition 
Knowing that physical activity is associated with healthier brain structure would 
be of limited value unless it can be shown that this relates to reduced cognitive decline. 
Indeed, research has found that total brain volume is positively correlated with a number 
of cognitive domains including episodic memory, semantic memory, spatial ability, 
executive function  (Farias et al., 2011) and general intelligence (MacLullich et al., 
2002). Likewise, intracranial volume, which refers to the space within the skull and is 
seen as a measurement of maximal brain size, is associated with semantic memory, 
executive function, and spatial ability (Farias et al., 2011).  
Associations between brain structure and cognition are also found when 
examining the lobes of the brain individually. Meta analyses have identified a number of 
associations between the volume of cerebral lobes and cognition. These findings, 
summarised in Table 1, indicate that evidence linking the frontal lobes to cognition is 
strong for aspects of memory, executive functioning and processing ability. Meanwhile, 
evidence linking the temporal lobes to cognition is strong for aspects of memory and 
processing ability. Finally evidence linking the parietal lobes to cognition is strong for 
aspects of memory, executive functioning, and processing ability. 
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Table 1 
Associations between brain structure and cognition found in meta-analytical literature 
Cerebral lobes Cognitive functions 
Frontal lobes Semantic processing (Binder, Desai, Graves, & Conant, 2009), 
working memory, episodic memory, coordinating multiple tasks, 
processing emotions (Gilbert et al., 2006), planned problem solving, 
and other executive functions (Buchsbaum, Greer, Chang, & 
Berman, 2005; Sullivan, Riccio, & Castillo, 2009). 
  
Temporal lobes Episodic memory, distinguishing between old and novel stimuli 
(Kim, in press), language comprehension (Vigneau et al., 2011), 
and semantic processing of both words and images (Binder et al., 
2009; Visser, Jefferies, & Lambon Ralph, 2010). 
  
Parietal lobes Object-related action processing, integrating multiple sources of 
information (Binder et al., 2009), working memory (Owen, McMillan, 
Laird, & Bullmore, 2005), changing attention set (Buchsbaum et al., 
2005), and episodic memory retrieval (Wagner, Shannon, Kahn, & 
Buckner, 2005) 
 
Further evidence suggests that it is important to consider brain volume in the 
context of how well the brain’s original volume has been protected against natural 
ageing and pathological causes of atrophy, particularly since atrophy is a strong 
predictor of cognitive decline (Ikram et al., 2010). Ikram and colleagues (2010) 
examined the association between different types of atrophy and cognitive ability. They 
found that decline in white matter volumes was associated with poorer performance on a 
measure of global cognition and tasks testing psychomotor speed and executive function. 
However, decline in white matter volumes was not associated with the likelihood that a 
person would develop dementia within a ten year period. Conversely, decline in grey 
matter volumes was found to be associated with poorer memory performance and were 
predictive of whether a person would develop dementia (Ikram et al., 2010). This 
highlights that different changes in brain structure impact cognition in different ways. 
Evidence also shows the relationship between the way the brain ages and 
associated changes in cognition is complex. Cerebral atrophy associated with natural 
ageing progresses more rapidly in the frontal and parietal lobes than in the temporal and 
occipital lobes (Fox & Schott, 2004). However, patterns of age-related cognitive decline 
tend to follow a pattern that does not directly correspond to these changes. The cognitive 
domains most strongly affected by the ageing process are processing speed, executive 
function, and episodic memory, which are associated with the frontal and temporal lobes 
but not as strongly with the parietal lobes (Hughes et al., 2012). In this context it is 
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important to understand that although the association between brain structure and 
cognition is well established, the nature of this association is complicated. Using new 
measures to examine relationships between brain structure and cognition may help 
clarify our understanding of the ways in which age-related changes in brain structure 
may correspond with cognition. 
Examining Cortical Sulci as an Alternative to Volumetric MRI Measurements 
Large amounts of imaging research have been undertaken examining brain 
volume across the whole brain and in localised areas (Lemaitre et al., 2012). While 
examining these measures has produced many important findings, there are situations in 
which the effectiveness of this approach is reduced. Volume-based measures rely on 
accurately differentiating between grey and white matter. However, contrast between 
grey and white matter is known to decrease with age (Kochunov et al., 2005). Reduced 
contrast between grey and white matter, as found in older adults, can make it difficult to 
identify boundaries of the two types of matter. As a consequence, it becomes more 
difficult to measure specific areas of the brain, particularly areas that are only narrowly 
separated (Lemaitre et al., 2012). Volumetric techniques can also be insensitive to 
complicated folding patterns of the brain surface (Lemaitre et al., 2012). Hence, while 
volumetric measures are popular, have provided important findings, and remain valid, 
their sensitivity may be reduced in older adults.  
Examining cortical sulci provides an alternative measure of brain structure that is 
less susceptible to the aforementioned limitations of volumetric measures (Kochunov et 
al., 2005). The surface of the brain is not smooth but is instead folded in a way that 
produces raised grooves and recessed crevices. These recessed crevices are referred to as 
sulci which are labelled corresponding to the surrounding cortical area (Rettmann, 
Kraut, Prince, & Resnick, 2006). Examining cortical sulci does not require accurate 
distinction of white and grey matter. Instead, these measures contrast any brain matter to 
surrounding cerebrospinal fluid, providing a contrast that remains well defined 
throughout the ageing process (Kochunov et al., 2005). Thus, examining cortical sulci 
provides a measure of brain structure robust to changes in contrast due to ageing and 
therefore applicable to circumstances where volumetric methods have reduced 
effectiveness, including examining brain structure in older adults. 
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Methods required for extracting sulcal data are described under MRI analyses in 
the methods section. Briefly, to process scans to a level from which sulcal measurements 
can be extracted, four steps are required: (1) construction of a three-dimensional 
representation of the cortical surface, (2) differentiation of sulcal regions from gyral 
regions, (3) formation of a map representative of different points of depth in sulcal areas, 
and (4) construction of a skeleton representative of the shape of identified sulci (Seong 
et al., 2010).  
Studies examining sulci measure brain structure in a different way to volumetric 
measures. Although research in this area remains scarce (Lemaitre et al., 2012), a 
number of factors point to the practicality of using sulcal measures to examine age-
related changes in brain structure. Brain atrophy is associated with shrinkage of grey and 
white matter volumes resulting in the enlargement of cerebrospinal fluid-filled sulci 
(Lemaitre et al., 2012). Researchers believe that the nature of the folds on the brain 
surface reflect the underlying connectivity of the brain such that sulci form boundaries 
between functional areas of the brain (Liu et al., 2011; Seong et al., 2010). Similar to the 
way in which lower brain volumes have been associated with increased age (Wardlaw et 
al., 2011), age related changes in cortical sulci have been identified. Research suggests 
that the mean depth of sulci decreases with age at a rate of approximately 0.7mm per 
decade (Kochunov et al., 2005; Rettmann et al., 2006) and width of sulci increases 
approximately 0.4mm per decade (Kochunov et al., 2005). These findings indicate that 
measurements of cortical width and depth are sensitive to changes in brain structure that 
occur as part of the ageing process. 
Evidence for age-related trends of another sulcal measure, sulcal surface, is yet to 
be established. Sulcal surface has been suggested as a proxy measure for the volume of a 
sulcus (Shokouhi et al., 2011) and may be sensitive to the complexity of the sulcal 
structure. Because evidence suggests that increased age is associated with enlargement 
of sulci (Lemaitre et al., 2012) and reduced complexity of folding patterns of the brain 
surface (Liu et al., 2011), it may be expected that sulcal surface decreases with age. 
In addition to literature indicating that sulcal measures are sensitive to age-
related changes in brain structure, research indicates certain sulcal characteristics are 
associated with cognition. Liu and colleagues (2011) selected five cortical sulci on the 
basis that they were present in all individuals, large, easy to identify, located in different 
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cerebral lobes, and were located on the convex surface of the brain. These sulci 
included: (1) the Sylvian fissure; (2) intraparietal sulcus; (3) central sulcus; (4) superior 
frontal sulcus; and (5) the superior temporal sulcus. The authors identified a number of 
significant associations – presented in Table 2 – indicating that reduced sulcal width, 
reflecting healthier structure, is associated with improved cognitive performance after 
controlling for age.  
Table 2 
Associations between sulci and cognitive function controlling for age found in Liu et al. 
(2011) 
Sulcus Associated cognitive domains 
Sylvian fissure 
Left hemisphere 
Right hemisphere 
 
Processing speed 
Processing speed 
Intraparietal sulcus 
  Left hemisphere 
  Right hemisphere 
 
Processing speed, language ability 
Processing speed, visuospatial ability 
Superior frontal sulcus 
  Left hemisphere 
  Right hemisphere 
 
Processing speed, language ability 
Processing speed, language ability, visuospatial ability 
Superior temporal sulcus 
  Left hemisphere 
   
   
  Right hemisphere 
 
Processing speed, language ability, visuospatial ability, 
executive function 
Processing speed, visuospatial ability 
Global sulcal index  
Processing speed, language, and executive function, memory 
 
Liu and colleagues (2011) also found significant associations between a measure 
of the complexity of sulcal patterns (global sulcal index) and cognition. These findings 
suggest that the health of sulcal characteristics is associated with cognitive performance. 
Specifically, narrower width and more complex sulcal structure are associated with 
greater cognitive performance. Because sulcal measures are sensitive to age-related 
differences in brain structure and are associated with cognition, they may be a valid 
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alternative to measures of volumes of the brain for examining the association between 
brain structure and cognition.  
The Interaction between Physical Activity and Sulcal Structure and its Effect on 
Cognition 
Dementia prevalence is expected to increase substantially in coming years at 
considerable costs to both individuals and the community. Since research has identified 
a number of lifestyle factors associated with risk of cognitive decline, modifying these 
factors may provide a means through which dementia prevalence can be reduced. One 
demonstrated protective factor is physical activity which exerts effects both directly on 
brain health and by hindering the development of risk factors such as cardiovascular 
disease, diabetes and depression. Higher levels of physical activity have been associated 
with increased brain health, while brain health has been associated with cognition. 
Volumetric MRI measures have been informative in investigating brain health. 
However, these measures may lose sensitivity in older adults. Measures of cortical sulci 
may provide an effective alternative to volumetric measures. The present study aims to 
demonstrate the effectiveness of sulcal measures of brain structure in understanding 
associations between physical activity, brain structure, and cognition. 
It is further hypothesised that higher levels of physical activity will be associated 
with healthier sulcal characteristics: narrower sulcal width; greater sulcal depth; and 
greater sulcal surface. It is hypothesised that differences in sulcal characteristics 
associated with higher levels of physical activity will predict greater cognitive ability. 
These associations are expected to vary between sulci based on the region examined. 
Detailed predictions are presented in Table 3. 
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Table 3 
Detailed predictions for main hypotheses 
Predictor Outcome 
Physical activity Narrower sulcal width 
 Greater sulcal depth 
 Greater sulcal surface 
  
Sulcal measures  
(width, depth, and surface) 
 
  Superior frontal sulcus Processing speed, executive function 
  Inferior frontal sulcus Processing speed, executive function 
  Superior temporal sulcus Processing speed, working memory 
  Central sulcus Processing speed, executive function, working memory 
  Intraparietal sulcus Processing speed, working memory 
 
Because physical activity is known to correlate with a number of other health 
factors associated with the risk of dementia, it is possible that health factors may explain 
the relationship between physical activity and sulcal characteristics. Analyses will 
investigate whether measures of general health, mental health, and blood pressure 
mediate the association between physical activity and sulcal structure. 
It is possible that the association between physical activity and cognition may be 
contingent on physical activity protecting against atrophy of the brain. Consequently, 
analyses will investigate whether the association between physical activity and cognition 
is mediated by sulcal characteristics. 
Method 
Participants and Design 
PATH Through Life Project 
Participants were selected from the 60+ cohort of the MRI substudy of the PATH 
Through Life Project (PATH). An overview of PATH is presented in Anstey, 
Christensen, and colleagues (2011b). Briefly, PATH is a longitudinal study collecting 
data on health and lifestyle factors with an aim to determine factors that contribute to 
mental health over the life course. Participants are randomly drawn from the electoral 
role of the Australian Capital Territory and neighbouring Queanbeyan. Three cohorts, 
from whom data is collected every four years, make up the project. These cohorts were 
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aged 20-24 years (20+ cohort), 40-44 years (40+ cohort) and 60-64 years (60+ cohort) at 
baseline. PATH is planned to run for 20 years, providing data for participants aged 20-
84 by its conclusion. 
At the beginning of PATH 2,551 participants were recruited into the 60+ cohort. 
At the second wave of data collection 2,222 participants were available for follow-up. 
This second wave of data is analysed in the present study as MRI scan quality in the first 
wave of data collection was not sufficient for analyses proposed here. From the 479 
participants in this cohort invited at random to participate in the MRI substudy at the 
first wave of data collection, 431 also completed a scan at the second wave. Of these, 42 
participants could not be processed in previous studies using the Freesurfer software 
described later. An additional 13 could not be imported into databases used in the 
BrainVisa software used in this study. An additional nine participants could not be fully 
processed in BrainVisa. From this sample, participants were excluded from analyses due 
to history of stroke (n = 6), Parkinson's disease (n = 20), epilepsy (n = 11), and cognitive 
impairment (n = 8).  
Outliers were identified based on a Mahalanobis distance exceeding χ2(k), 
p=.001 where k = number of predictors (see Tabachnik & Fidell, 2007, p. 99). This 
analysis was completed three separate times: (1) between physical activity and sulcal 
measures (χ2(33), p=.001; = 63.870); (2) between sulcal and cognitive measures (χ2(35), 
p=.001; = 66.619); and (3) between physical activity, sulcal and cognitive measures 
(χ2(38), p=.001; = 70.703). Two participants who were outliers in all three analyses were 
excluded from final analyses. The final sample included 320 participants. Selection and 
exclusion of participants is summarised in Figure 1. 
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Figure 1 
Selection of participants for final sample 
Sample Characteristics 
The final sample of 320 participants included 172 males and 148 females with an 
average age of 66.50 years (Range = 64 – 70; SD = 1.419). This sample was found to be 
statistically representative of the overall 60+ PATH cohort on age, gender, and exercise 
but had significantly higher levels of education than PATH participants who were not 
selected in the final sample. 
While there is insufficient published data to conduct power analyses, comparable 
studies have used sample sizes of 316 (Liu et al., 2011), 216 (Lemaitre et al., 2012), 35 
(Rettmann, Kraut, Prince, & Resnick, 2006) 70 (Seong et al., 2010) and 90 (Kochunov et 
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al., 2005) in imaging research similar to the present study. This produces observed 
power from 0.47 to 0.93 (based on Liu et al., 2011). This suggests that the present 
sample of 320 participants is sufficiently large for this type of analysis. However, it must 
be noted that no research has been conducted on associations between physical activity 
and sulcal characteristics. Thus, there is no indication of how adequate the sample size is 
for these analyses. 
Measures 
Physical activity. 
Physical activity data was collected from three items in the PATH questionnaire. 
Participants separately reported their average weekly exercise in three intensity 
categories: (1) mild exercise, (2) moderate exercise and (3) vigorous exercise. To assist 
participants to provide consistent data, each category of exercise was accompanied by a 
number of examples of the type of exercise that may fall into that category. For present 
analyses, the three levels of exercise were combined using a weighting system such that 
hours of mild exercise were multiplied by 1, hours of moderate exercise were multiplied 
by 2, and hours of vigorous exercise were multiplied by 3. These adjusted hours were 
summed to provide one score recognising the additional intensity level of more vigorous 
exercise. 
Where exercise data was missing, values were imputed using an expectation 
maximisation (EM) imputation model. EM imputation estimates data values while 
reducing their effects on the model parameters, such as standard error (Howell, 2007). 
The EM algorithm has particular benefit when imputing values using non-normal and 
categorical data (Abraham & Russell, 2004). EM operates on the assumption that 
parameters of the model and data values are interdependent. The EM algorithm 
estimates the parameters of the data distribution and predicts missing values from these 
parameters. This process is then repeated, with the model re-estimating parameters and 
assigning new values, until the model stabilises (Schafer & Olsen, 1998). In this study, 
missing physical activity values were imputed using the EM algorithm from the three 
exercise variables on the PATH questionnaire collected at all three available waves of 
data collection, as well as age and gender. Imputing data in this way enables a larger 
sample size to be maintained while minimising the effects of replacing missing data. 
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Cognitive measures. 
Data from cognitive tests was collected as part of routine interviews in the PATH 
project. Cognitive measures used in the present study are the Symbol Digit Modalities 
Test, digits-span backwards task, Trail Making Test parts A and B, the both hands task 
of the Purdue Pegboard, and a combined measure calculated from all cognitive 
measures. 
Symbol Digit Modalities Test. 
In the Symbol Digit Modalities Test (SDMT) participants are presented a sheet 
of paper headed with a key of unique symbols paired with numbers lined directly below. 
Underneath the key are lines of symbols paired with empty spaces. Participants are 
asked to correctly record as many numbers corresponding to the given symbols as 
possible within the allotted time period (Drake et al., 2010). The SDMT is often used as 
a measure of attention switching ability and processing speed in healthy adults (Forn et 
al., 2011; Koh et al., 2011). It is also being increasingly used to detect cognitive decline 
in degenerative diseases (Forn, et al., 2011). For this study, the SDMT was used as a 
measure of executive function and processing speed. 
Digits-span backwards task. 
The digit-span backwards task requires participants to listen to a string of random 
numbers and repeat these numbers in reverse order. Series begin with two numbers and 
increase by one number when the participant correctly recalls the reversed order of the 
number series. If a participant is unable to correctly recall the reversed order of a 
sequence they are read another sequence of the same length. If the alternative sequence 
is correctly recalled, the test continues as it would for a correct response. If the 
alternative sequence is unable to be correctly recalled then the task is ended, with the 
participant's score being recorded as the length of the longest sequence correctly 
recalled. The digits-span backwards task is widely used as a test of working memory 
(Marchand, Lefebvre, & Connolly, 2006) and facets of executive functioning (Pisoni, 
Kronenberger, Roman, & Geers, 2011). For this study, the digits-span backwards task 
was used as a measure of working memory and executive function. 
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Trails Making Test parts A and B. 
The Trails Making Test parts A and B are pencil and paper tests that require 
participants to join labelled circles on a page as quickly as possible. In the Trails Making 
Test part A (Trails A) participants draw lines linking the labelled circles together in 
alphabetical order. In part B of this task (Trails B) participants must link circles 
alternating between alphabetical order and numerical order (Demakis, 2004). Trails A is 
associated with visual search ability and motor speed (Crowe, 1998). Trails B is a 
common measure of frontal lobe function and is associated with visual search ability and 
the ability to shift attention between multiple classes of stimuli (Demakis, 2004). In this 
study Trails A was used as a measure of processing speed while Trails B was used as a 
measure of processing speed and executive function. 
Purdue Pegboard. 
For this task, participants are presented a board containing two vertical rows of 
25 holes which run down the length of the apparatus. Four reservoirs are located at the 
top of the two rows. Two of these reservoirs which contain small metal pins. In the both 
hands task, the participant places as many pins into the vertical rows of holes as possible 
within the allotted 30 second time period using both hands. The task is scored as the 
number of pairs of pins placed down the two vertical columns of holes. The Purdue 
Pegboard task is a measure of manual dexterity which reflects several aspects of motor 
and cognitive speed, coordination and effort (Strenge, Niederberger, & Seelhorst, 2002). 
In this study the both hands task of the Purdue Pegboard was used as a measure of 
processing speed. 
Global cognition. 
A combined cognitive measure was calculated from individual cognitive tests. 
For this measure, participants’ z-scores on individual tests were calculated. Scores on 
Trails A and B tasks were reversed as higher scores on these tests reflect poorer 
performance. The resulting values were then summed. While this measure would be an 
incomplete measure of all aspects of cognition, it is likely to be informative to global 
cognition.  
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MRI acquisition. 
Participants were imaged using a 1.5-tesla Phillips Gyroscan scanner (Phillips 
Medical Systems, Best, Netherlands). 3-D structural T1-weighted images were acquired 
in coronal orientation using a Fast Field Echo (FFE) sequence with the following 
parameters: repetition time (TR)/echo time (TE) = 28.005/2.64ms; flip angle = 30º; 
matrix size = 256 X 256; field of view (FOV) = 260 X 260mm; slice thickness = 2.0mm 
and mid-slice to mid-slice distance = 1.0mm, providing over-contiguous coronal slices 
and an in-plane spatial resolution of 1.016 X 1.016mm/pixel. 
MRI analyses. 
Participants’ MRI scans were first processed using Freesurfer software (available 
via http://www.freesurfer.net/; see Fischl, 2012 for an overview). This software enables 
the automatic reconstruction of the volume of the cortical surface through a number of 
main steps. These steps, briefly described in Table 4, include non-uniformity correction, 
rigid registration, skull stripping, grey/white segmentation, surface corrections and 
parcellation of gyri (Gautam, Cherbuin, Sachdev, Wen, & Anstey, 2011). Freesurfer 
morphometric procedures have been shown to have good test-retest reliability across 
different scanner manufacturers and strengths (Han et al., 2006). 
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Table 4 
Brief descriptions of MRI analyses conducted by Freesurfer 
MRI analysis Brief description 
Non-uniformity correction Differences in the strength of the magnetic field within 
the MRI scanner may affect image quality. Non-
uniformity correction adjusts for these variations.  
Rigid registration Re-aligning different slices of the brain so that they 
share the same orientation. Without this, features of 
adjacent slices may not align correctly to provide a 
meaningful image. 
Skull stripping Removing non-brain matter, such as the skull from the 
scan image, leaving only brain tissue. 
Grey/white segmentation Estimating boundaries and content of grey and white 
matter areas. 
Surface corrections Taking measures to ensure that the image is consistent 
with plausible brain structure, such as having a smooth 
surface rather than a pixelated surface.  
Parcellation of gyri Segmenting the cortical surface into known gyral areas 
based on patterns identified on an atlas template. 
 
For the present study, additional analyses were conducted using BrainVisa 
software (available from http://brainvisa.info/; see Shokouhi et al., 2011 for a review). 
The three-dimensional cortical surface produced in the Freesurfer package was imported 
into a BrainVisa database and run through program pipelines to automatically produce a 
model of cortical sulci for each participant. The steps required by BrainVisa are briefly 
described in Table 5 and include cortical surface extraction, segmentation of gyral and 
sulcal regions, computation of an anisotropic geodesic distance map for sulcal regions, 
and extraction of anisotropic skeletons. 
  
PHYSICAL ACTIVITY, BRAIN STRUCTURE, AND COGNITIVE DECLINE      22 
  
 
Table 5 
Brief descriptions of MRI analyses conducted by BrainVisa 
BrainVisa analyses 
MRI analysis Brief description 
Cortical surface extraction Constructing a three-dimensional representation of the 
cortical surface. This step is largely completed by 
importing Freesurfer data. 
Segmenting gyral and sulcal regions Differentiating sulcal and gyral regions from one 
another. 
Computing an anisotropic geodesic 
distance map for sulcal regions 
Forming a map representing different points of depth in 
sulcal areas. 
Extracting anisotropic skeletons Constructing a skeleton representing the shape or “hull” 
of identified sulci. 
 
After processing, BrainVisa produces an integrated map combining all 
measurable cortical sulci with labels extracted from an atlas and pre-existing labels 
produced in Freesurfer. It should be noted that due to cerebral structure variability, not 
all sulci available in the atlas are present in all human brains. Of 120 sulci available in 
the atlas, processing identified 52 sulci that were available in all participants. Twenty-
two sulci were available in less than 90% of participants, six of which were not available 
for any of the participants examined. A processing pass of one scan in BrainVisa takes 
approximately 20 minutes to complete. However, many scans fail on the first attempt 
and require reprocessing multiple times. An additional small number of scans could not 
be processed successfully in this study, even after multiple reprocessing attempts. After 
scans are successfully processed, the data values extracted must be visually screened to 
ensure that variables contain complete data. Incomplete data require further reprocessing 
to provide appropriate values. 
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In a recent study, Liu and colleagues (2011) selected five sulci on the basis that 
they are present in all individuals, large, easy to identify and located in different lobes of 
the brain. Consistent with Liu and colleagues (2011), the present study included the 
central sulcus, intraparietal sulcus, the superior frontal sulcus, and the superior temporal 
sulcus (the Sylvian fissure was not available for the present study). In addition to these 
sulci, the inferior frontal sulcus was chosen for analysis to provide a secondary measure 
in the frontal lobes, where the effect of age-related decline in brain structure is 
particularly pronounced. These five sulci, presented in Figure 2, were measured 
independently in both the left and right hemispheres of the brain. 
 
Figure 2 
Sulci examined in this study highlighted on the left cortical surface of one participant. 
Note: Image traced in a) axial orientation (above) and b) sagittal orientation (lateral). 
Legend: red – superior frontal sulcus; purple – inferior frontal sulcus; yellow – central sulcus; 
green – intraparietal sulcus; blue – superior temporal sulcus. 
 
For each sulcus three measurements were extracted: depth; width; and surface. 
Calculation of these measures is described in Table 6 and visually represented in Figure 
3. 
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Table 6 
Description of measurements of sulcal characteristics 
Sulcal measure Method of calculation 
Sulcal depth  
(Figure 3a) 
The distance from the cortical surface of surrounding gyral areas to 
the deepest point in the sulcus is calculated. This measurement is 
repeated at all points along the length of the sulcus and is 
measured perpendicular to the trajectory of the sulcal axis (the path 
followed by the base of the sulcus). BrainVisa provides three 
measures of sulcal depth: maximum; minimum; and mean depth of 
the sulcus. This study uses only mean depth for analyses. 
  
Sulcal surface  
(Figure 3b) 
Sulcal surface has been suggested as a proxy for the volume of a 
sulcus (Shokouhi et al., 2011). This measure is calculated from the 
sulcal mesh, a ribbon reaching from the height of surrounding gyri to 
the bottom of a sulcus and following all the bottom ridges of a 
sulcus. Unlike the measurement for sulcal depth, this includes any 
small branches away from the main axis of the sulcus. The surface 
measurement is calculated as the surface area of this ribbon tracing 
all branches of a sulcus. 
  
Sulcal width  
(Figure 3c) 
Sulcal width provides a measure of the mean distance across a 
sulcus. That is, sulcal width is the mean distance from one gyral 
area to another. It is computed by calculating the volume of the 
cerebrospinal fluid filling the sulcus and dividing this figure by the 
surface of the sulcus. This provides a mean distance between 
surrounding gyral structures. 
 
Figure 3 
Visual representations of sulcal measures 
a) Sulcal depth, b) sulcal surface, c) sulcal width 
a b 
c 
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Measures of width, depth, and surface across all examined sulci were computed 
by summing individual measures. The resulting variables were labelled global width, 
global depth, and global surface respectively. These produce measures relevant to 
structure of the whole brain. 
A small number of suspicious values were identified in the sulcal depth in six 
sulci (see Appendix A). These values were deleted and the missing values imputed using 
the EM algorithm based on age, gender, education and all other sulcal measures used in 
this study. 
Covariates 
A number of covariates were used in this study’s analyses. These included: 
 Age, recorded as a participant’s age in whole years at the second round of data 
collection; 
 Gender, recorded through self-report on the PATH questionnaire. All participants 
for this study responded as either male or female; 
 Education, recorded as the self-reported total years of education at the second 
wave of data collection; 
 Health factors, which included: 
◦ the SF-12 general physical health questionnaire, a self-report questionnaire of 
general physical health (see Windsor, Rodgers, Butterworth, Anstey, & Jorm, 
2006 for a review); 
◦ systolic blood pressure; 
◦ diastolic blood pressure; and 
◦ Goldberg's Depression Scale (Goldberg, Bridges, Duncan-Jones, & Grayson, 
1988), a self-report screening questionnaire for depression. 
Statistical Analyses 
All statistical analyses in this study were conducted using SPSS version 20. A 
sample of 320 participants was selected for analysis.  
Contrasting selected participants to the remaining 60+ PATH cohort. 
The final sample was compared to the remaining 60+ PATH cohort using 
independent samples t-tests for continuous variables and Chi-square analyses for 
categorical variables. 
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Examining associations between physical activity and sulcal characteristics. 
Hierarchical regression analyses were used to examine associations between 
physical activity and sulcal characteristics controlling for age, gender, and education. In 
this analysis, age, gender, and education were entered in the first model and physical 
activity added to the second (see Table 7). 
Table 7 
Models used to determine how much variance in sulcal measures was predicted by 
physical activity controlling for age, gender, and education. 
Model Variables contained by model 
Model 1 Age, gender, education 
Model 2 Age, gender, education, physical activity 
Note: Dependent variable – sulcal measures (entered individually in multiple analyses) 
Examining associations between sulcal structure and cognition. 
Sulcal measures that were significantly associated with physical activity after 
controlling for age, gender and education were analysed for their ability to predict 
cognitive scores. Hierarchical regression analyses were used to determine if these sulcal 
measures were associated with cognitive scores after controlling for age, gender and 
education. For these analyses, age, gender, and education were entered in the first model 
and sulcal measures added to the second model (see Table 8). 
Table 8 
Models used to determine how much variance in cognitive scores was predicted by 
sulcal measures controlling for age, gender, and education. 
Model Variables contained by model 
Model 1 Age, gender, education 
Model 2 Age, gender, education, sulcal measures 
Note: Dependent variable – cognitive scores (entered individually in multiple analyses) 
Mediation analyses. 
Two mediation analyses were conducted. Please refer to Figure 4 for a 
representation of a general mediation model. 
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Figure 4  
Model indicating an association between a predictor variable and an outcome variable 
being mediated by a mediator variable 
Baron & Kenny (1986) stipulate that mediation occurs when a previously 
significant association between a predictor variable and outcome variable (path c) 
becomes non-significant when controlling for the effects of a mediator on the outcome 
variable (path b). The association between predictor and mediator variables (path a), and 
between the mediator and outcome variable must also be significant. 
The first mediation analysis in this study examined if the previously established 
significant associations between physical activity and sulcal characteristics were 
mediated by health factors. For this analysis, a first model containing age, gender, 
education, and health factors was contrasted against a second model that additionally 
contained physical activity (please refer to Table 9). If this second model was no longer 
significant, then mediation could be said to have occurred, provided health factors were 
associated with both physical activity and sulcal characteristics.  
Table 9 
Models used to determine how much variance in sulcal measures was predicted by 
physical activity controlling for age, gender, education, and health factors 
Model Variables contained by model 
Model 1 Age, gender, education, health factors (SF-12, systolic blood pressure, diastolic 
blood pressure, and Goldberg’s Depression Inventory) 
Model 2 Age, gender, education, health factors (SF-12, systolic blood pressure, diastolic 
blood pressure, and Goldberg’s Depression Inventory), physical activity 
Note: Dependent variable – sulcal measures (entered individually in multiple analyses) 
 
  
Before mediation 
 
 
After mediation 
Predictor 
Mediator 
Outcome 
a 
(significant) 
b 
(significant) 
c 
(non-significant) 
Predictor Outcome 
c 
(significant) 
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Hierarchical regression analyses were conducted to determine if there were 
significant associations between health factors and physical activity (see Table 10), and 
between health factors and sulcal structure when controlling for age, gender, and 
education (see Table 11).  
Table 10 
Models used in hierarchical regression for the association between physical activity and 
health factors, controlling for age, gender and education 
Model Variables contained by model 
Model 1 Age, gender, education 
Model 2 Age, gender, education, health factors (SF-12, systolic blood pressure, diastolic 
blood pressure, and Goldberg’s Depression Inventory) 
Note: Dependent variable – physical activity 
 
 
Table 11 
Models used in hierarchical regression for associations between health factors and 
sulcal measures, controlling for age, gender, and education 
Model Variables contained by model 
Model 1 Age, gender, education 
Model 2 Age, gender, education, health factors (SF-12, systolic blood pressure, diastolic 
blood pressure, and Goldberg’s Depression Inventory) 
Note: Dependent variable – sulcal measures (entered individually in multiple analyses) 
 
The second mediation analysis investigated whether the relationship between 
physical activity and cognition was mediated by sulcal characteristics. For this analysis, 
hierarchical regression analyses were conducted with age, gender, education, and sulcal 
measures in a first model, which were contrasted against a second model in which 
physical activity was added (see Table 12).  
Table 12 
Models used in hierarchical regression for associations between physical activity and 
cognition, controlling for age, gender, education, and sulcal structure 
Model Variables contained by model 
Model 1 Age, gender, education, sulcal measures  
Model 2 Age, gender, education, sulcal measures, physical activity 
Note: Dependent variable – cognitive scores (entered individually in multiple analyses)  
 
To meet assumptions of mediation these tests were performed using only sulcal 
measures that were previously identified as being significantly associated with physical 
activity and cognitive scores in this study.  
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Results 
This study utilised an observational cross-sectional design to examine 
associations between variables representing physical activity, sulcal structure, and 
cognition. Data was collected from participants recruited through the regular interview 
undertaken as part of the PATH project as previously mentioned and from further MRI 
analysis conducted as per methods outlined above. There was no experimental 
manipulation of any variables or interventions in this study. 
Sample Characteristics 
Three hundred and twenty participants were selected for analysis. The final 
sample was contrasted to the remaining 60+ PATH cohort across age, education, 
physical activity, and gender. The results, presented in Table 13, indicate that there were 
no significant differences between the 320 selected and 1,902 non-selected participants 
on age, gender, and the physical activity measure used in this study. However, selected 
participants had significantly more years of education than non-selected participants. 
Table 13 
Descriptive statistics contrasting participants selected for analyses and non-selected 
participants from the PATH 60+ cohort 
 Selected 
participants 
 Non-selected 
participants 
  
 
t
 
 
 
p 
 
95% CI 
 
Cohen’s d 
 Mean SD  Mean SD  Lower Upper 
Age 66.50 1.42  66.61 1.52  1.245
1 
.21 -.063 .278 .08 
            
Education 14.26 2.70  13.83 2.76  -2.59
2 
.01* -0.76 -0.11 .16 
            
Exercise       
 
    
  Log score 2.64 0.85  2.55 0.85  -1.77
3 
.08 -0.19 0.01 .11 
  Mild hours 8.14 8.47  7.91 7.71  -.49
3 
.63 -1.15 0.69 .03 
  Mod hours 3.76 4.48  3.18 4.43  -2.15
4 
.03* -1.10 -0.05 .13 
  Vig hours 0.99 2.38  0.87 2.59  -.74
3 
.46 -0.41 0.19 .04 
            
  
% male 
  
% male 
  
Χ
2 
 
p 
 
  
Gender 54.06  51.09  0.98 .32   
Note: 1. df = 434; 2. df = 2169; 3. df = 2506; 4. df = 416; * denotes significant at p <.05. 
Log score – natural logarithm of exercise score, used in statistical analyses; Mild hours – 
number of mild hours of physical activity; Mod hours – hours of moderate physical activity; Vig 
hours – hours of vigorous physical activity. 
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On average, selected participants were aged 66.50 years and had 14.26 years of 
education. The average participant recorded 8.14 hours of mild physical activity, 3.76 
hours of moderate activity and 0.99 hours of vigorous activity. 
Data Screening and Cleaning 
As the sample size was very large, statistical measures for significance of skew 
were considered inappropriate for all variables (see Field, 2009, p. 139). 
The exercise score variable was strongly positively skewed. In accordance with 
Tukey’s Ladder of Powers (see Fraser, 2012, p. 365), four transformations (x0.5, 
log[1+x], 1/[x
0.5
], and 1/x) were computed and compared to the original variable. Results 
of these transformations can be found in Appendix B. Statistics showed that the natural 
logarithm transformation was the least skewed transformation. Inspection of the 
histogram showed that this transformation produced a distribution close to normal and 
acceptable for present analyses.  
Visual inspection of sulcal measures suggested that after replacing suspicious 
values with imputed data the distribution of these variables was generally normal and 
acceptable for present analyses. 
Cognitive measures were visually inspected and the distribution of these 
variables was found to be normal and acceptable for present analyses. 
Physical Activity and Sulcal Structure 
Hierarchical regression analyses were used to examine whether physical activity 
predicted sulcal characteristics after controlling for age, gender and education. Full 
results are summarised in Table 14.  
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Table 14 
Hierarchical regression analysis of associations between physical activity and sulcal 
characteristics, controlling for age, gender and education. 
 Width  Depth  Surface 
 Model_1 Model 2  Model_1 Model 2  Model_1 Model 2 
Sulcus R
2 
ΔR
2 
β  R
2 
ΔR
2 
β  R
2 
ΔR
2 
β 
Left intraparietal .034* .001 .024  .089*** <.001 .005  .021 .002 .044 
Right intraparietal .034* .001 -.026  .074*** <.001 .013  .009 .005 .072 
S.F.inf..left .011 <.001 .001  .049** .002 .047  .009 <.001 -.005 
S.F.inf..right .005 <.001 .012  .070*** .001 .038  .003 <.001 -.008 
S.T.s..left .003 <.001 .003  .034* .002 -.041  <.001 .005 .070 
S.T.s..right .001 .004 .063  .028* .002 .041  .003 .010 .099 
Left central .013 .008 -.088  .015 <.001 .013  .010 .006 .077 
Right central .005 .021* -.146  .034* <.001 .018  .017 .001 -.029 
S.F.Sup..left .006 .014* -.120  .007 .003 .058  .012 .007 .086 
S.F.Sup..right .010 .008 -.091  .017 <.001 .017  .001 .002 .047 
Global measures .020 .005 -.072  .140*** .002 .043  .008 .012* .112 
 
Note: Model 1 contains age, gender, and education. Model 2 includes physical activity. 
* denotes significant result at p <.05; ** denotes significant result at p <.01; *** denotes 
significant result at p <.001. 
Abbreviations: S.F.inf..left – left inferior frontal sulcus; S.F.inf..right – right inferior frontal sulcus; 
S.F.Sup..left – left superior frontal sulcus; S.F.Sup..right – right superior frontal sulcus; S.T.s..left 
– left superior temporal sulcus; S.T.s..right – right superior temporal sulcus.  
 
These analyses showed that physical activity was associated with three sulcal 
measures after controlling for age, gender and education: (1) the width of the left 
superior frontal sulcus (R-square =.014; p =.035); (2) the width of the right central 
sulcus (R-Square =.021; p =.005); and (3) global surface (R-square =.012; p =.050). For 
reference, the superior frontal sulcus and the central sulcus are highlighted on a cortical 
map in Figure 5. 
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Figure 5 
The superior frontal sulcus (red) and central sulcus (yellow) highlighted on the left 
cortical surface of one participant 
Sulcal Structure and Cognition 
Regression analyses were used to investigate associations between sulcal 
measures associated with physical activity and cognitive scores. Results from these 
analyses are presented in Table 15.  
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Table 15 
Hierarchical regression analysis of associations between sulcal structure and cognition, 
controlling for age, gender, and education 
 Model 1  Model 2 
 
Age, sex, 
edu 
 
Width right 
central sulcus 
 Width left 
superior 
frontal sulcus 
 
Global 
surface 
Test R
2 
 ΔR
2
 β  ΔR
2
 β  ΔR
2
 β 
SDMT .040**  .006 -.080  .003 -.058  .004 .061 
Trails A .013  <.001 .016  .002 .044  .003 -.059 
Trails B .050**  .001 -.032  .014* .119  .003 -.052 
Digits back .071***  <.001 -.008  .001 -.029  <.001 .010 
Pegboard .066***  <.001 -.011  .001 .029  .009 .097 
Combined .069***  .001 -.028  .005 -.071  .007 .083 
Model 1 contains age, gender and education. Model 2 includes the listed measure of sulcal 
characteristics. 
* denotes significant result at p <.05; ** denotes significant result at p <.01; *** denotes 
significant result at p <.001.  
 
Controlling for age, gender, and education, narrower width of the left superior 
frontal sulcus was found to be associated with improved performance on the Trails B 
task (R-squared =.014; p =.031), as indicated by time taken to complete the task. 
Testing Mediation 
Mediation of the association between physical activity and sulcal structure by 
health factors. 
Analyses were run to determine if health factors mediated the association 
between physical activity and sulcal characteristics. Hierarchical regression analyses 
showed that physical activity was significantly associated with scores on the SF-12 (R-
squared =.074; p <.001) and Goldberg’s Depression Inventory (R-squared =.033; p 
<.001; see Table 16). 
Table 16 
Hierarchical regression analysis of the associations between physical activity and 
individual health factors, controlling for age, gender, and education 
 Model 1  Model 2 
 Age, sex, edu  Physical activity 
 R
2 
 ΔR
2 
 β 
SF-12 physical scales .040***  .074***  .276 
Goldberg’s depression Inventory .017***  .033***  -.186 
Diastolic blood pressure .052***  <.001  .005 
Systolic blood pressure .059***  <.001  -.008 
*** Denotes significant result at p <.001 
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To satisfy the assumption that a proposed mediator must be associated with the 
predictor variable, diastolic and systolic blood pressure were excluded from further 
mediation analysis. A hierarchical regression analysis confirmed that combining the SF-
12 and Goldberg’s Depression Inventory scores in one model remained predictive of 
physical activity controlling for age, gender, and education (R-squared =.085; p <.001; 
see Table 17).  
Table 17 
Hierarchical regression analysis of the association between physical activity and 
grouped health factors, controlling for age, gender and education 
 Model 1  Model 2 
 Age, sex, edu Health factors
1 
 R
2 
ΔR
2 
β 
Physical activity .026*** .085*** .250 
1. SF-12 physical scales and Goldberg’s Depression Inventory 
Model 1 contains age, gender and education, Model 2 includes health factors 
*** Denotes significant result at p <.001 
 
Hierarchical regression analyses showed that there were no significant 
associations between scores on the SF-12 and Goldberg’s Depression Inventory when 
controlling for age, gender, and education (see Table 18).  
Table 18 
Hierarchical regression analysis of the associations between sulcal measures and health 
factors, controlling for age, gender, and education 
 Model 1  Model 2 
 Age, sex, edu    SF-12  Goldberg 
 R
2
  ΔR
2 
 β  β 
Right central sulcus width .004  .007  -.093  -.055 
Left superior frontal 
sulcus width 
.005  .005  .036  -.050 
Global surface .007  .012  .108  -.012 
 
This violates the assumptions of mediation (Baron & Kenny, 1986) and indicates 
that this mediation model is not supported by this study. 
Mediation of the association between physical activity and cognition by sulcal 
structure. 
Previous results indicated that one sulcal measure associated with physical 
activity (width of the left superior frontal sulcus) was predictive of cognitive 
performance on one cognitive measure (Trails B). 
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A hierarchical regression analysis showed that the association between physical 
activity and time taken to complete the Trails B task was not significant when 
controlling for age, gender, and education (see Table 19).  
Table 19 
Hierarchical regression analyses of the association between physical activity and Trails 
B task 
 Model 1  Model 2 
 Age, sex, edu  Physical activity 
 R
2
  ΔR
2 
β 
Trails B .054**  .004 .062 
** denotes significant result at p< .01 
Model 1 contains age, gender, and education; Model 2 includes physical activity 
 
Because no other sulci meet the assumption that the proposed mediator (sulcal 
measures) must predict the outcome variable (cognitive scores; Baron & Kenny, 1986), 
this mediation model is not supported by present results. 
Additional Analyses 
Physical activity as a categorical variable. 
To better understand the association between physical activity and both sulcal 
characteristics and cognition, a categorical variable of physical activity was constructed. 
Participants were divided into tertiles based on the physical activity score used in 
previous analyses. Results from independent samples t-tests comparing sulcal 
characteristics in the lowest tertile to the middle tertile are presented in Table 20. 
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Table 20 
Differences in sulcal measures between participants in the lowest tertile of physical 
activity and the middle tertile 
 Lowest tertile  Middle tertile    
 M SD  M SD  t p 
Width         
Left intraparietal 1.81 0.28  1.79 0.26  .648 .518 
Right intraparietal 1.78 0.25  1.75 0.25  .889 .375 
Left central 2.08 0.32  2.05 0.30  .604 .547 
Right central 2.00 0.35  1.94 0.26  1.485 .139 
S.F.inf..left 2.09 0.34  2.00 0.26  2.255 .025* 
S.F.inf..right 1.96 0.28  1.90 0.28  1.598 .111 
S.F.Sup..left 2.46 0.43  2.39 0.37  1.276 .203 
S.F.Sup..right 2.22 0.41  2.15 0.35  1.239 .217 
S.T.s..left 1.63 0.17  1.60 0.17  1.112 .267 
S.T.s..right 1.58 0.18  1.56 0.14  1.232 .219 
Global measure 19.60 2.04  19.12 1.76  1.858 .065 
 Lowest tertile  Middle tertile    
 M SD  M SD  t p 
Surface         
Left intraparietal 4,920.95 691.07  5,024.82 666.74  -1.116 .266 
Right intraparietal 4,921.78 687.25  5,099.95 742.52  -1.818 .071 
Left central 3,576.70 497.09  3,608.94 449.23  -.496 .620 
Right central 3,536.88 447.95  3,568.89 443.54  -.524 .601 
S.F.inf..left 1,613.43 398.17  1,781.18 464.79  -2.830 .005** 
S.F.inf..right 1,738.92 466.00  1,843.86 447.55  -1.676 .095 
S.F.Sup..left 2,588.33 554.92  2,699.43 590.35  -1.415 .158 
S.F.Sup..right 2,542.60 580.68  2,698.09 566.42  -1.978 .049* 
S.T.s..left 3,608.77 627.24  3,657.09 752.65  -.509 .611 
S.T.s..right 3,571.72 675.08  3,697.10 684.63  -1.346 .180 
Global measure 32,620.07 2,537.88  33,679.35 2,674.35  -2.965 .003** 
 Lowest tertile  Middle tertile    
 M SD  M SD  t p 
Depth         
Left intraparietal 13.93 1.42  14.01 1.18  -.432 .667 
Right intraparietal 13.36 1.40  13.52 1.21  -.908 .365 
Left central 14.67 1.31  14.57 1.48  .507 .612 
Right central 14.85 1.19  15.09 1.26  -1.429 .154 
S.F.inf..left 10.38 1.91  10.89 1.89  -1.973 .050* 
S.F.inf..right 10.36 1.76  10.54 1.64  -.764 .446 
S.F.Sup..left 12.01 1.36  12.23 1.37  -1.178 .240 
S.F.Sup..right 11.99 1.42  12.42 1.36  -2.240 .026* 
S.T.s..left 14.66 1.87  14.17 1.78  1.992 .048* 
S.T.s..right 15.92 1.91  16.35 1.87  -1.645 .102 
Global measure 132.13 7.92  133.78 7.59  -1.552 .122 
Note: * denotes significant result at p< .05; ** denotes significant result at p< .01. 
Legend: S.F.inf..left = Left inferior frontal sulcus; S.F.inf..right = right inferior frontal sulcus; 
S.F.sup..left = left superior frontal sulcus; S.F.sup..right = right superior frontal sulcus; S.T.s..left 
= left superior temporal sulcus; S.T.s..right = right superior temporal sulcus 
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These results indicate that compared to the lowest tertile, the middle tertile of 
physical activity had significantly narrower width of the left inferior frontal sulcus (t = 
2.255; p = .025), significantly higher surface of the left inferior frontal sulcus (t = -
2.830; p = .005) and right superior frontal sulcus (t = -1.978; p = .049), significantly 
higher global surface (t = -2.965; p = .003), significantly greater depth of the left inferior 
frontal sulcus(t = -1.976; p = .050) and right superior frontal sulcus (t = -2.240; p = 
.026), and significantly shallower depth of the left superior temporal sulcus (t = 1.992; p 
=.048). 
Results from independent t-tests comparing sulcal characteristics in the middle 
tertile of physical activity to the highest tertile are presented in Table 21. 
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Table 21 
Differences in sulcal measures between participants in the middle tertile of physical 
activity and the highest tertile 
 Middle tertile  Highest tertile    
 M SD  M SD  t p 
Width         
Left intraparietal 1.79 0.26  1.81 0.23  -.772 .441 
Right intraparietal 1.75 0.25  1.77 0.23  -.684 .495 
Left central 2.05 0.30  2.02 0.27  .893 .373 
Right central 1.94 0.26  1.90 0.23  .959 .339 
S.F.inf..left 2.00 0.26  2.05 0.33  -1.250 .213 
S.F.inf..right 1.90 0.28  1.96 0.33  -1.248 .214 
S.F.Sup..left 2.39 0.37  2.37 0.37  .344 .731 
S.F.Sup..right 2.15 0.35  2.15 0.35  .009 .992 
S.T.s..left 1.60 0.17  1.64 0.18  -1.768 .079 
S.T.s..right 1.56 0.14  1.61 0.17  -2.691 .008** 
Global measure 19.12 1.76  19.29 1.70  -.703 .483 
 Middle tertile  Highest tertile    
 M SD  M SD  t p 
Surface         
Left intraparietal 5,024.82 666.74  5,025.99 714.11  -.012 .990 
Right intraparietal 5,099.95 742.52  5,053.74 659.97  .475 .635 
Left central 3,608.94 449.23  3,640.45 559.78  -.449 .654 
Right central 3,568.89 443.54  3,475.82 423.92  1.550 .123 
S.F.inf..left 1,781.18 464.79  1,677.63 462.56  1.614 .108 
S.F.inf..right 1,843.86 447.55  1,814.95 519.18  .432 .666 
S.F.Sup..left 2,699.43 590.35  2,687.28 575.49  .151 .880 
S.F.Sup..right 2,698.09 566.42  2,596.27 531.63  1.339 .182 
S.T.s..left 3,657.09 752.65  3,623.67 686.67  .335 .738 
S.T.s..right 3,697.10 684.63  3,700.57 656.88  -.037 .970 
Global measure 33,679.35 2,674.35  33,296.359 2,432.557  1.082 .280 
 Middle tertile  Highest tertile    
 M SD  M SD  t p 
Depth         
Left intraparietal 14.01 1.18  13.92 1.16  .544 .587 
Right intraparietal 13.52 1.21  13.34 1.19  1.086 .279 
Left central 14.57 1.48  14.59 1.37  -.098 .922 
Right central 15.09 1.26  14.68 1.39  2.233 .027* 
S.F.inf..left 10.89 1.89  10.71 2.21  .623 .534 
S.F.inf..right 10.54 1.64  10.66 1.70  -.518 .605 
S.F.Sup..left 12.23 1.37  12.20 1.33  .194 .847 
S.F.Sup..right 12.42 1.36  11.86 1.42  2.891 .004** 
S.T.s..left 14.17 1.78  14.45 1.64  -1.215 .226 
S.T.s..right 16.35 1.87  16.03 1.56  1.306 .193 
Global measure 133.78 7.59  132.45 7.01  1.316 .190 
Note: * denotes significant result at p< .05; ** denotes significant result at p< .01. 
Legend: S.F.inf..left = Left inferior frontal sulcus; S.F.inf..right = right inferior frontal sulcus; 
S.F.sup..left = left superior frontal sulcus; S.F.sup..right = right superior frontal sulcus; S.T.s..left 
= left superior temporal sulcus; S.T.s..right = right superior temporal sulcus 
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These results indicate that, compared to the highest tertile of physical activity, 
the middle tertile has narrower width (t = -2.691; p = .008) and greater depth (t = 2.891; 
p = .004) of the right superior temporal sulcus. 
Results from independent t-tests comparing sulcal characteristics in the lowest 
tertile of physical activity to the highest tertile are presented in Table 22. 
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Table 22 
Differences in sulcal measures between participants in the lowest tertile of physical 
activity and the highest tertile 
 Lowest tertile  Highest tertile    
 M SD  M SD  t p 
Width         
Left intraparietal 1.81 0.28  1.81 0.23  -.064 .949 
Right intraparietal 1.78 0.25  1.77 0.23  .238 .812 
Left central 2.08 0.32  2.02 0.27  1.485 .139 
Right central 2.00 0.35  1.90 0.23  2.343 .020* 
S.F.inf..left 2.09 0.34  2.05 0.33  .904 .367 
S.F.inf..right 1.96 0.28  1.96 0.33  .207 .836 
S.F.Sup..left 2.46 0.43  2.37 0.37  1.591 .113 
S.F.Sup..right 2.22 0.41  2.15 0.35  1.237 .217 
S.T.s..left 1.63 0.17  1.64 0.18  -.684 .495 
S.T.s..right 1.58 0.18  1.61 0.17  -1.285 .200 
Global measure 19.60 2.04  19.29 1.70  1.224 .222 
 Lowest tertile  Highest tertile    
 M SD  M SD  t p 
Surface         
Left intraparietal 4,920.95 691.07  5,025.99 714.11  -1.083 .280 
Right intraparietal 4,921.78 687.25  5,053.74 659.97  -1.418 .158 
Left central 3,576.70 497.09  3,640.45 559.78  -.873 .383 
Right central 3,536.88 447.95  3,475.82 423.92  1.014 .312 
S.F.inf..left 1,613.43 398.17  1,677.63 462.56  -1.079 .282 
S.F.inf..right 1,738.92 466.00  1,814.95 519.18  -1.118 .265 
S.F.Sup..left 2,588.33 554.92  2,687.28 575.49  -1.268 .206 
S.F.Sup..right 2,542.60 580.68  2,596.27 531.63  -.698 .486 
S.T.s..left 3,608.77 627.24  3,623.67 686.67  -.164 .870 
S.T.s..right 3,571.72 675.08  3,700.57 656.88  -1.401 .163 
Global measure 32,620.07 2,537.88  33,296.36 2,432.56  -1.970 .050 
 Lowest tertile  Highest tertile    
 M SD  M SD  t p 
Depth         
Left intraparietal 13.93 1.42  13.92 1.16  .063 .950 
Right intraparietal 13.36 1.40  13.34 1.19  .094 .925 
Left central 14.67 1.31  14.59 1.37  .421 .674 
Right central 14.85 1.19  14.68 1.39  .952 .342 
S.F.inf..left 10.38 1.91  10.71 2.21  -1.181 .239 
S.F.inf..right 10.36 1.76  10.66 1.70  -1.247 .214 
S.F.Sup..left 12.01 1.36  12.20 1.33  -.992 .322 
S.F.Sup..right 11.99 1.42  11.86 1.42  .654 .514 
S.T.s..left 14.66 1.87  14.45 1.64  .868 .386 
S.T.s..right 15.92 1.91  16.03 1.56  -.476 .635 
Global measure 132.13 7.92  132.45 7.01  -.309 .758 
Note: * denotes significant result at p< .05; ** denotes significant result at p< .01. 
Legend: S.F.inf..left = Left inferior frontal sulcus; S.F.inf..right = right inferior frontal sulcus; 
S.F.sup..left = left superior frontal sulcus; S.F.sup..right = right superior frontal sulcus; S.T.s..left 
= left superior temporal sulcus; S.T.s..right = right superior temporal sulcus 
 
These results indicate that the highest tertile of physical activity had significantly 
narrower width of the right central sulcus (t = 2.343; p = .020) than the lowest tertile. 
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Results from independent t-tests comparing cognitive function between lowest 
and middle tertiles of physical activity are presented in Table 23. 
Table 23 
Differences in cognitive measures between participants in the lowest tertile of physical 
activity and the middle tertile 
 Lowest tertile  Middle tertile   
 M SD  M SD t p 
SDMT 49.79 9.20  52.93 8.03 -2.645 .009** 
Trails A 33.85 9.24  31.67 8.43 1.795 .074 
Trails B 77.69 26.08  73.82 23.30 1.136 .257 
Digits back 5.41 2.23  5.51 1.88 -.348 .728 
Pegboard 10.80 1.68  10.71 1.66 .423 .673 
Combined -0.18 3.25  0.53 2.78 -1.671 .096 
Note: ** denotes significant result at p <.01 
 
These results indicate that the middle tertile of physical activity performed 
significantly better on the SDMT (t = -2.645; p = .009) than the lower tertile. 
Results of independent t-tests comparing cognition between the middle and 
highest tertiles of physical activity are presented in Table 24. 
Table 24 
Differences in cognitive measures between participants in the middle tertile of physical 
activity and the highest tertile 
 Middle tertile  Highest tertile   
 M SD  M SD T P 
SDMT 52.93 8.03  50.17 7.85 2.534 .012* 
Trails A 31.67 8.43  32.80 9.48 -.923 .357 
Trails B 73.82 23.30  79.03 30.95 -1.388 .167 
Digits back 5.51 1.88  5.10 2.13 1.478 .141 
Pegboard 10.71 1.66  10.35 1.91 .243 .808 
Combined 0.53 2.87  -0.33 3.71 1.896 .059 
Note: * denotes significant result at p< .05 
 
These results indicate that the middle tertile of physical activity performed 
significantly better on the SDMT (t = 2.534; p = .012) than the highest tertile. 
Results from independent samples t-tests comparing the lowest tertile of physical 
activity to the highest tertile are presented in Table 25. 
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Table 25 
Differences in cognitive measures between participants in the lowest tertile of physical 
activity and the highest tertile 
 Lowest tertile  Highest tertile   
 M SD  M SD t p 
SDMT 49.79 9.20  50.17 7.85 -.320 .749 
Trails A 33.85 9.24  32.80 9.48 .815 .416 
Trails B 77.69 26.08  79.03 30.95 -.341 .733 
Digits back 5.41 2.23  5.10 2.13 1.036 .302 
Pegboard 10.80 1.68  10.65 1.91 .637 .525 
Combined -0.18 3.25  -0.33 3.71 .324 .746 
 
These results indicate that there are no significant differences on cognitive 
measures between the lowest and highest tertiles of physical activity. 
Discussion 
Physical activity has been identified as a modifiable lifestyle factor associated 
with reduced risk of dementia. Research suggests physical activity is associated with 
healthier brain structure and better cognition. Research also indicates that there is a link 
between brain structure and cognition. 
The aim of the present study was to demonstrate that a novel measure of brain 
structure can be used to further our understanding of the association between physical 
activity, brain structure, and cognition. This was achieved using data sourced from 320 
participants of the population-based PATH Through Life Project. 
It was hypothesised that higher levels of physical activity would be associated 
with differences in sulcal characteristics: decreased width; increased depth; and 
increased surface. It was further hypothesised that these differences in sulcal 
characteristics would be associated with better performance on cognitive measures. 
In addition to these hypotheses, two mediation models were examined. The first 
model investigated whether the association between physical activity and sulcal 
characteristics is mediated by health factors. The second model investigated whether the 
association between physical activity and cognition is mediated by sulcal structure. 
Present findings indicate that, in specific brain regions, higher levels of physical 
activity are associated with sulcal characteristics that predict better cognitive 
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performance. However, neither of the proposed mediation models was supported by the 
present study.  
Further to listed hypotheses, a categorical variable of physical activity was 
constructed to better understand the association between physical activity and sulcal 
characteristics. This categorical variable, calculated by dividing participants into low, 
medium, or high tertiles based on their physical activity score, presented the opportunity 
to compare group differences between different levels of exercise. Results from analyses 
with this variable may indicate that there is a non-linear association between physical 
activity and sulcal characteristics. 
Higher Physical Activity is Associated with Healthier Sulcal Structure 
Three significant associations were found between physical activity and sulcal 
characteristics after controlling for age, gender, and education. Higher levels of physical 
activity were associated with (1) reduced width of the left superior frontal sulcus, (2) 
reduced width of the right central sulcus, and (3) increased global surface.  
Previous research indicates that physical activity is associated with healthier 
brain structure. Previous research has also indicated that sulcal measurements are 
sensitive to age-related differences in brain structure. The significant associations 
identified between physical activity and sulcal characteristics are consistent with 
previous research on physical activity and brain structure, and with study hypotheses. 
These results show a significant association between physical activity and brain structure 
bilaterally and across all lobes examined. 
However, these results must be interpreted with caution considering the majority 
of associations between physical activity and sulcal measures were non-significant. 
Although there is considerable research suggesting a relationship between physical 
activity and brain structure, it cannot be ruled out that physical activity is not associated 
specifically with sulcal characteristics.  
A potential explanation for why many of the associations between physical 
activity and sulcal measures were not significant is that physical activity may only have 
a strong protective effect against age-related changes in sulcal characteristics. Research 
indicates age-related decline in brain volume is most pronounced in the frontal and 
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parietal lobes (Fox & Schott, 2004). The two localised sulcal measures significantly 
associated with physical activity were located in the frontal lobes (the left superior 
frontal sulcus) and the parietal lobes (the right central sulcus; which forms the border 
between the frontal and parietal lobes). This may indicate that the protective effects of 
physical activity are strongest for areas of the brain particularly susceptible to age-
related decline. These effects may not be as strong in other areas of the brain. 
The sample used in this study had a narrow age range and have been reported to 
have above average general health (Anstey et al., 2011b). Given evidence suggests a 
number of health factors, such as cardiovascular health and diabetes, are associated with 
a reduced risk of cognitive decline, it is possible that this sample also had above average 
brain health and consequently less variation in sulcal measures.  
Finally, it is possible that physical activity benefits the structure of sulci not 
examined in this study. One hundred and twenty sulci were available for this study, ten 
of which were selected for analysis based on previous research. It is possible that the 
selection of sulci examined here do not include the sulci most strongly associated with 
physical activity. 
Width of the Left Superior Frontal Sulcus is Associated with Processing Speed and 
Executive Function 
Three sulcal measures were significantly associated with physical activity in the 
present study. These sulcal measures were further analysed to determine if any were 
associated with cognition. One significant association was found between sulcal 
characteristics and cognitive scores. Narrower width of the left superior frontal sulcus 
was associated with a reduced time taken to complete the Trails B task, after controlling 
for age, gender, and education. This suggests that narrower width of this sulcus is 
associated with processing speed and executive function, indicated by better 
performance on the Trails B task. 
Research indicates that healthier brain structure is associated with cognition. The 
limited research available on sulcal characteristics suggests this association remains 
when using sulcal measures to analyse brain structure. Results indicating that width of 
the left superior frontal sulcus is associated with improved performance on Trails B are 
consistent with previous research and with study hypotheses. 
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This result must be taken with caution considering the majority of associations 
between sulcal characteristics and cognition were non-significant. A number of reasons 
may explain why many of the associations between sulcal characteristics and cognition 
were not significant. It is possible that associations between sulcal characteristics and 
cognition are weaker than associations between regional brain volumes and cognition. A 
sulcus separates at least two gyri from one another. Sulci are believed to form 
boundaries between different functional areas of the brain (Liu et al., 2011; Seong et al., 
2010). Consequently, the characteristics of a single sulcus may be related to multiple 
cognitive functions associated with the gyri between which it lies. It is possible that the 
sensitivity of a sulcus to a single cognitive function may be lessened by confounding 
effects of associations between this sulcus and other cognitive domains. In this way, the 
relationship between a sulcus and an individual cognitive function may not be as strong 
as the association between cognition and volumes of cortical structures. Further research 
is required to examine this proposal.  
In the only other identified study examining sulcal characteristics and cognition, 
Liu and colleagues (2011) found a broader range of cognitive functions associated with 
sulcal width than those examined in this study. Among their results, Liu and colleagues 
(2011) found no associations between the width of the right central sulcus and cognition, 
and found associations between the width of the left superior frontal sulcus and 
processing speed. These findings are all consistent with results in the present study. Liu 
and colleagues (2011) identified a number of additional associations between sulcal 
characteristics and cognition. These additional findings suggest associations between 
physical activity and sulcal characteristics may be present for sulci not associated with 
the physical activity measure used in this study. 
While the association between width of the left superior frontal sulcus and Trails 
B suggests this sulcal measure is associated with processing speed and executive 
function, this association was found in only one test. Three other measures of processing 
speed (SDMT, Trails A, and the Purdue Pegboard), and two other measures of executive 
function (SDMT and the digits-backwards task) were examined in this study. The lack of 
significant associations with these other tests may indicate that width of the left superior 
frontal sulcus is associated with a specific component of processing speed or executive 
function to which only Trails B was sensitive. 
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Health Factors do not Mediate the Association between Physical Activity and 
Sulcal Structure 
Four health factors – general physical health (measured by the SF-12), mental 
health (measured by Goldberg’s Depression Inventory), systolic blood pressure, and 
diastolic blood pressure – were considered potential mediators of the relationship 
between physical activity and brain structure. Hierarchical regression analyses showed 
that physical activity was significantly associated with general physical health and 
mental health but not with either measure of blood pressure after controlling for age, 
gender, and education. 
A second set of hierarchical regression analyses showed that sulcal 
characteristics associated with physical activity had no significant associations with the 
SF-12 or Goldberg’s Depression Inventory. This violates Baron & Kenny’s (1986) 
mediation assumption that there must be a significant association between the proposed 
mediator (the health factors) and the outcome variable (sulcal measures; see Figure 6). 
Figure 6 
Diagram indicating mediation assumption of association between mediator and outcome 
variable is violated 
This indicates that the proposed mediation model is not supported by present 
results. This implies that the association between physical activity and sulcal structure is 
independent of effects of health factors examined in this study. 
Physical activity is associated with a wide range of health benefits. Only a small 
selection of health factors was examined in this study. It remains possible that the 
Physical activity 
(predictor) 
Health factors 
(mediator) 
Sulcal structure 
(outcome) 
Significant association 
Significant association 
Non-significant 
association 
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relationship between physical activity and sulcal characteristics is explained by health 
factors, but through factors not examined in this study. 
Sulcal Structure is not Supported as a Mediator of the Association between 
Physical Activity and Cognition 
One sulcus, the left superior frontal sulcus, was associated with both physical 
activity and a cognitive measure (Trails B). Hierarchical regression analyses indicated 
that when controlling for age, gender, and education, there was no significant association 
between physical activity and Trails B performance. Thus, in this study there was no 
significant association between physical activity and cognition for which assumptions of 
mediation are met. Consequently, a mediation model wherein sulcal structure mediates 
the association between physical activity and cognition is not supported here. This may 
suggest that physical activity benefits cognition in ways not reflected by sulcal 
characteristics. 
An alternative explanation is that this mediation effect is not significant for 
measures used and may have been present if other measures were used. For example, 
using a different measure of physical activity or different sulci may have produced more 
significant associations between physical activity and sulcal characteristics. This would 
increase the likelihood of finding more significant associations between sulcal measures 
and cognitive scores, consequently providing more pathways for which the assumptions 
of mediation may be met. This would increase the chances of finding mediation.  
Findings Examining Physical Activity as a Categorical Variable 
In order to better understand the nature of associations between physical activity 
and sulcal measures and cognition, a categorical variable was constructed and analysed. 
This variable categorised participants into tertiles based on their physical activity. 
Significant differences were found between the sulcal characteristics of each tertile. 
However, depth of the right superior frontal sulcus was the only sulcal measure to vary 
significantly between the lower and middle tertiles and the middle and higher tertiles. 
Curiously, for this measure, participants with the healthiest sulcal structure (greatest 
depth) were in the middle tertile of physical activity. 
This was a consistent trend throughout analyses using the categorical physical 
activity variable. Healthier sulcal structure was found in the middle tertile in five of the 
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six significant differences, and 26 of the 27 non-significant differences between the 
lower and middle tertiles of physical activity. Healthier brain structure was found in the 
middle tertile in all three of the significant differences, and 19 of the 30 non-significant 
differences between the lower and middle tertiles of physical activity. 
These results suggest that the relationship between physical activity and sulcal 
characteristics may not be linear. There may be a peak level of physical activity after 
which its benefits diminish. If this peak level of physical activity falls within the range 
of values making up the middle tertile in this study, this may explain why there appears 
to be a benefit to being in the middle tertile of physical activity. Additional research is 
required to determine if the relationship between physical activity and sulcal 
characteristics is non-linear. 
Should additional research indicate that the association between physical activity 
and sulcal characteristics is non-linear, it will be important to identify explanations for 
why the benefits of physical activity would diminish after a peak value. These may be 
associated with the direct effects of physical activity or with lifestyle factors that 
contribute to an individual’s level of physical activity. For example, a person who has 
had an overweight body mass index for most of their lives may begin to exercise 
intensely after a health scare. While this increased physical activity reduces this person’s 
risk of dementia, their risk is likely to already be elevated because higher mid-life body 
mass index is associated with an increased risk of dementia (Anstey et al., 2011a). 
Consistent with trends in sulcal characteristics, the middle tertile of physical 
activity demonstrated the greatest cognitive ability. Only the SDMT varied significantly 
between groups, with the middle tertile outperforming both the lower and higher tertiles 
of physical activity. Except for the Purdue Pegboard task, in which the lowest tertile 
performed best, participants in the middle tertile of physical activity performed strongest 
on all cognitive measures. This supports the notion that sulcal structure and cognition are 
associated. However, further research will be required to confirm these results. 
Implications 
The older adult population is increasing and it is expected this will be 
accompanied by increased prevalence of cognitive decline and dementia (Briones, 2006; 
Kalaria, 2010). Pathological processes for some forms of dementia have been identified 
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to precede dementia by up to 50 years before the onset of symptoms (Braak et al., 2011). 
This suggests there are pathological factors contributing to dementia whose effects may 
be attenuated throughout the life course. Modifying lifestyle factors associated with the 
risk of cognitive decline may be a way to reduce the impact of these pathological factors, 
consequently reducing the likelihood of developing dementia.  
If actions taken to modify these lifestyle factors successfully impact pathological 
processes, this may provide a means through which onset of dementia may be delayed or 
even prevented. The implications of this are substantial. Research indicates that delaying 
dementia onset by an average of five years is likely to reduce dementia prevalence by 
approximately 37% (Vickland et al., 2010). When dementia prevalence is expected to 
reach almost 1 million by the year 2050 (Access Economics, 2010), this has important 
implications for a substantial population. 
Understanding how lifestyle factors are associated with cognitive decline is 
important to determining how their benefits can be maximised and may guide 
development of interventions to both prevent and treat dementia. Research indicates that 
physical activity is a modifiable risk factor for cognitive decline associated with both 
brain structure and cognition. 
The aim of this study was to demonstrate that a novel measure of brain structure 
could be used to further understanding of the associations between physical activity, 
brain structure, and cognition. This study indicates that physical activity is associated 
with sulcal characteristics. It was additionally demonstrated that some differences in 
sulcal characteristics predicted by physical activity are associated with cognition. 
Results did not support a mediation effect of sulcal characteristics on the association 
between physical activity and cognition. These results require confirmation in future 
research. 
By using a large, community-based sample, the results of this study are 
generalisable to a large population. This study provides important findings that are 
informative to a number of emerging research areas. Examining sulcal characteristics as 
a measure of brain structure is a relatively unexplored field. Only one study (Liu et al., 
2011) has examined sulcal characteristics and cognition in a similar way to the present 
study. No existing research that examines the relationship between measurements of 
cortical sulci and physical activity was identified. By using sulcal characteristics as a 
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novel measure of brain structure, this study identifies where future research may focus in 
order to best understand how to make effective use of this emerging measure. This has 
particular importance to studies using older adult participants in which volumetric MRI 
measures have reduced sensitivity. 
Effect sizes in the present study are small compared to other areas of research. 
Indeed, Cohen (1988) proposed generic guidelines for the effect size of R-squared, 
suggesting that values exceeding 0.25 are large, values around 0.09 are medium, and 
values around 0.01are small. By these criteria, even the largest R-squared value in this 
study, 0.021 (between physical activity and width of the right central sulcus), remains a 
small effect. However, the effect sizes in this study are consistent with similar studies in 
this area. In one study, R-squared associations between pulmonary health and both brain 
structure and cognition ranged from 0.008 to 0.024 (Sachdev et al., 2006). Another study 
reported R-squared values for significant associations between sulcal characteristics and 
cognition ranging from 0.011 to 0.036 (Liu et al., 2011). While the amount of variance 
explained by associations in this study is small, this is consistent with comparative 
literature. 
Limitations and Future Directions 
This study sourced participants from PATH, a large community-based study. The 
sample analysed was found to be generally representative of the PATH population 
except on education which was statistically controlled in all possible analyses. 
Participants in PATH are randomly selected from the community. However, the sample 
has been described as having higher than average education and socio-economic status 
as well as general good health (Anstey et al., 2011b). 
This study utilised an observational cross-sectional design and consequently no 
direction of causality can be determined. One direction for future research will be to 
conduct longitudinal analyses to determine if physical activity is associated with 
changes in sulcal characteristics. Later research may wish to use randomised controlled 
trials to examine if interventions designed to increase physical activity may also be able 
to effect these changes.  
Another limitation of using PATH data is that data was not collected specifically 
for the present study. Consequently, measures used examine broad domains of cognition 
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and may not be the most sensitive measures. This applies to measures of both physical 
activity and cognition. 
Physical activity was collected via self-report questionnaires across three 
intensity levels. Self-report measures can be susceptible to participants’ response bias, 
with responses skewed towards a direction they perceive to be more socially desirable 
(van de Mortel, 2008). In this study, this is likely to correspond with participants 
reporting higher levels of physical activity. Future studies may prefer to use objective 
measures of physical activity to reduce this bias. 
Collecting physical activity across three levels allowed a variable to be 
constructed recognising that more intense exercise produces different effects from less 
intense exercise. To acknowledge this difference in exercise intensity, this study 
employed an ordinal weighting scheme. The variable used in this study would have been 
improved if a more appropriate weighting scale was available for these levels of physical 
activity. Ideally, future research should consider an objective physical activity variable 
that is sensitive to the varying intensity of different types of exercise. It may be 
appropriate to consider measures of physical fitness as a pseudo-measure of physical 
activity in this way. 
While the cognitive measures used in the present study have been informative to 
other research (e.g., Gautam, Cherbuin, Sachdev, Wen, & Anstey, 2011), they may not 
be the most sensitive measures to functions affected by physical activity or most 
strongly associated with sulcal structure. In their study, Liu and colleagues (2011) used 
16 different measures of cognition to evaluate five domains of cognition. This more 
comprehensive battery of cognitive measures identified a larger number of associations 
between sulcal characteristics and cognition than the present study. A future research 
direction is to examine the association between sulcal structure and cognition utilising a 
more comprehensive range of tests and examining a broad range of cognitive domains. 
Conclusions 
This study demonstrates that there are associations between physical activity and 
sulcal characteristics that predict cognition. This has important implications for 
increasing understanding of how physical activity promotes cerebral health, protects 
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against dementia and to identifying areas on which future studies utilising sulcal 
measures may wish to focus.  
Research into areas such as these is important for reducing the impact of 
dementia. To date, no treatment has yet been identified that is effective in halting the 
progress of dementia pathology. This places increased importance on understanding how 
to best take action to delay and prevent the onset of the disease. Given that dementia is 
expected to afflict almost one million Australians by the year 2050, it is of vital 
importance to understand how certain lifestyle factors, such as physical activity, help 
protect against cognitive decline in order to optimise their benefit. 
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Appendix A: Suspicious values on sulcal measures.  
Note that suspicious values were noticeably distant from the distribution of other data. 
Inspection of the data found that these values were all 1.0000, where data for these 
measures was provided to 4 decimal places.  
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Appendix B: Transformations of the physical activity score based on Tukey’s Ladder of 
Powers.  
Note that the natural logarithm transformation of the exercise score has the lowest 
magnitude of skew and is acceptably normally distributed. 
